Legionella pneumophila, an intracellular parasite of protozoa, possesses a distinct dimorphic life cycle that alternates between the vegetative replicative form and the resilient but highly infectious cyst form. Previously, temporally expressed heterodimeric integration host factor (IHF) was shown to be required for differentiation into the cyst form. However, the precise regulatory mechanisms controlling the expression of IHF have not been identified. Microplate kinetic assays with GFP reporter promoter fusion constructs in wild-type, Dihf, DrpoS and DletA mutant strain backgrounds were employed to assess differences in expression levels of ihfA, ihfB, rsmY and rsmZ. Loss of IHF, RsmY and RsmZ expression in various mutant strain backgrounds was confirmed by quantitative PCR. Here we report that the stationary phase sigma factor RpoS is a positive regulator of IHF, whereas IHF appears to act as a positive autoregulator assisting RpoS. Bioinformatic analyses identified a set of IHF binding sites upstream of one RpoS binding site in the promoter region for both ihfA and ihfB. Recombinant IHF protein bound ihfA and ihfB promoter regions in vitro, confirming the functionality of these IHF binding sites that may assist in the bending of the promoter DNA to facilitate transcription activation of ihfA and ihfB by RpoS. Interestingly, the consensus binding site for IHF is very similar to that of the two-component response regulator LetA. LetA negatively regulates transcription of ihfA and ihfB, implying titrational regulatory control by LetA and IHF. Along with LetA, IHF was found to positively regulate expression of the non-coding regulatory RNAs RsmY and RsmZ responsible for the de-repression of CsrA-repressed transcripts associated with cyst formation, and coordinated post-exponential virulent phenotypes. Taken together, these observations indicate that IHF may have more of an integral role in the global regulatory system governing the transition from replicative to cyst forms than previously thought.
INTRODUCTION
Legionella pneumophila is the causative agent for the majority of legionnaires' disease cases worldwide (Fields et al., 2002; Newton et al., 2010; Guyard & Low, 2011) . In soil and aquatic environments, L. pneumophila is an intracellular parasite of protozoa with a unique dimorphic life cycle that alternates between the vegetative replicative form and the motile resilient cyst form also known as mature intracellular form (MIF) (Garduño et al., 2002; Greub & Raoult, 2003) . Manifestation of legionnaires' disease in a susceptible individual is believed to be linked to the inadvertent inhalation of cysts within aerosolized water droplets and subsequent infection of alveolar macrophages (Garduño et al., 2002; Molofsky & Swanson, 2004) . Communicable transmission of L. pneumophila to other individuals is unlikely, as cysts are not noticeably produced in laboratory macrophage cell lines (Garduño et al., 2002 ).
The precise mechanisms composing the regulatory control of cyst biogenesis in L. pneumophila remain to be fully elucidated. Previous studies have shown that the twocomponent response regulator LetA, stationary sigma factor s 38 (RpoS) and integration host factor (IHF) are required for infectivity and cyst biogenesis in protozoa, but dispensable for infection of mammalian cell lines (Hales & Shuman, 1999; Lynch et al., 2003; Gal-Mor & Segal, 2003; Faulkner & Garduño, 2002; Morash et al., 2009) . L. pneumophila cyst formation occurs post-exponentially in protozoa but not under in vitro conditions; however, phenotypic virulence traits associated with the process of cyst formation (i.e. sodium sensitivity, infectivity, osmotic resistance, motility, cytotoxicity) have been described in vitro and in vivo, suggesting shared regulatory mechanisms (Byrne & Swanson, 1998; Bachman & Swanson, 2001; Faulkner & Garduño, 2002) . Indeed, 84 % of replicative phase genes and 77 % of post-exponential phase genes are upregulated both in vitro and in vivo (Brüggemann et al., 2006) . Transcription of L. pneumophila rpoS is highest during exponential growth phase, whereas the protein level is highest during post-exponential growth phase (Bachman & Swanson, 2004) . It is surmised that the histone-like HU protein, expressed at high levels during exponential growth phase, regulates translation efficiency of rpoS transcripts (Balandina et al., 2001; Morash et al., 2009) . L. pneumophila IHF is temporally expressed with minimal and maximal expression during exponential and post-exponential growth phases, respectively (Morash et al., 2009) . Originally classified as an architectural protein in E. coli, IHF is also a transcriptional regulator, a role that appears to be conserved in function, as homologues of IHF are involved in the regulation of gene expression in a number of closely and distantly related bacteria that include pathogens (Goosen & van de Putte, 1995; Dorman et al., 2001; Fyfe & Davies, 1998; Sieira et al., 2004; Mangan et al., 2006; Stonehouse et al., 2008; Pérez-Rueda et al., 2009; Arvizu-Gó mez et al., 2011) . In some cases, IHF is an integral part of the global regulatory cascade that controls the temporal expression of genes associated with a developmental cell cycle programme, as exemplified by the aquatic bacterium Caulobacter crescentus and the obligate intracellular pathogen Chlamydia trachomatis (Gober & Shapiro, 1990; Zhong et al., 2001 ).
Here we show that in L. pneumophila, RpoS is a transcriptional activator of ihfA and ihfB. Recombinant IHF bound ihfA and ihfB promoter regions; however, IHF appears to act as a positive autoregulator assisting RpoS. Surprisingly, LetA negatively regulates expression of ihfA and ihfB. Similarities between the LetA and IHF binding sites imply titrational control of IHF expression by LetA and IHF. Furthermore, IHF positively regulates expression of the non-coding RNAs, RsmY and RsmZ, inferring a more central role for IHF in the global regulatory system governing morphological differentiation than previously thought.
METHODS
Bacterial strains, oligonucleotides, media and general methods. Bacterial strains and oligonucleotides are listed in Tables 1 and 2 , respectively. All L. pneumophila strains were grown in BYE broth or BCYE agar as described elsewhere (Feeley et al., 1979) , and when required was supplemented with thymidine (100 mg ml 21 ). Escherichia coli DH5a and E. coli BL-21 BL21(DE3) CodonPlus RIL, used as host strains for cloning strategies and recombinant protein expression, respectively, were grown in LB media. Antibiotics for E. coli (kanamycin 40 mg ml 21 , gentamicin 20 mg ml 21 , ampicillin 100 mg ml 21 , chloramphenicol 20 mg ml 21 ) and for L. pneumophila (streptomycin 100 mg ml 21 , kanamycin 25 mg ml 21 , gentamicin 10 mg ml
21
), and metronidazole (20 mg ml 21 ) were added for selection and counter selection, respectively, where appropriate. All oligonucleotides were synthesized by Invitrogen (Life technologies). All restriction enzymes, DNA ladders, Taq and Phusion polymerases were purchased from New England Biolabs. DNA manipulations followed general protocols (Sambrook & Russell, 2001) . DNA and RNA concentrations were determined using a NanoDrop 2000 spectrophotometer.
Construction of Lp02DrpoSDihfA mutant strain. Chromosomal deletion of ihfA was generated in the Lp02DrpoS mutant strain using the allelic exchange plasmid pMGM003, as reported in Morash et al. (2009) . Briefly, pMGM003 was electroporated into Lp02DrpoS and transformants replica-plated and screened for resistance to the antibiotics (kanamycin and gentamicin) and metronidazole (loss of plasmid). The selected Lp02DrpoSDihfA was confirmed for chromosomal deletion of ihfA by PCR amplification using primers reported in Morash et al. (2009) .
GFP reporter assay. DNA fragments representing systematic truncation of the upstream promoter regions of ihfA, ihfB, rsmY and rsmZ were generated by PCR amplification using the primer sets listed in Table 2 and directionally cloned into BamHI and XbaI sites of the promoterless GFP reporter pBH6119 plasmid, creating pCJP001-pCJP021 GFP-transcriptional fusion plasmids (Table 1) . Ligated plasmid constructs were transformed into E. coli DH5a and correct insertion of the promoter fragment was verified by sequencing by The Centre for Applied Genomics (University of Toronto) using the primer PR GFP seq (Table 2 ) located approximately 110 bp downstream of the XbaI site of pBH6119. The plasmid pBH6119 and derivatives (pCJP001-pCJP021) were electroporated into wild-type, Dihf, DrpoS, DrpoSDihfA or DletA mutants of L. pneumophila using 1 mm-gap cuvettes and a Bio-Rad MicroPulsar electroporator. L. pneumophila strains harbouring GFP reporter plasmid constructs were grown on BCYE agar (without thymidine supplementation) for 48 h. Approximately three-quarters of a disposable loop full of each strain was resuspended in 3 ml of BYE broth and subcultured in 10 ml BYE to OD 600 0.2, of which 150 ml of each culture was deposited into designated wells within a 96-well black microclear plate (Greiner Bio-One), and the plate was incubated shaking (fast speed setting) at 37 uC in a BioTek Synergy 2 or Synergy H4 hybrid automated microplate reader. GFP fluorescence (Ex 485/20, Em 528/20) and OD 600 readings were taken on an hourly basis for a 24 h period. Relative fluorescence unit (RFU) values were normalized via subtraction of values obtained with strains harbouring the promoterless GFP vector pBH6119, and then divided by OD 600 values to attain the final ratio values for graphing with GraphPad Prism 5 software.
RNA isolation, cDNA synthesis, and real-time quantitative PCR (qPCR) experiments. L. pneumophila Lp02 wild-type, Dihf, DrpoS and DletA mutant strains were grown in BYE broth in a 96-well microplate (Greiner Bio-One) at 37 uC in a Synergy H4 hybrid multimode microplate reader (Biotek) under shaking conditions. Cultures were started at OD 600 0.2, with the exception of the DrpoS mutant strain, which was started at OD 600 0.4 due to an observed reduced growth rate. At 17 h (post-exponential phase), a 35 ml aliquot of culture was treated with RNAprotect bacteria reagent according to the manufacturer's instructions (Qiagen), and pellets were stored at 280 uC until total RNA isolation using the RNeasy Mini kit as per the manufacturer's instructions (Qiagen) with the exception of eluting the RNA in diethylpyrocarbonate (DEPC)-treated water (Ambion, Life Technologies).
DNA contamination in total RNA was removed using TURBO DNase (Ambion). Briefly, RNA (up to 5 mg) was mixed with 5 ml 106 TURBO DNase buffer, 4 ml DEPC-treated water, and 2 ml TURBO DNase, where 1 ml TURBO DNase was added at beginning of the Microbiology 159 incubation period and the remaining 1 ml of TURBO DNase was added half way through the incubation period, to formulate a 50 ml reaction. The reaction was incubated at 37 uC for 1 h and the RNA was then purified using the RNeasy Mini kit with the RNA cleanup protocol (Qiagen), and RNA was eluted once again in DEPC-treated water. RNA samples for DletA were treated twice with TURBO DNase. RNA samples were then monitored for successful DNA elimination via PCR using the gene-specific primers for gyrB utilized in the realtime qPCR (Table 2) . RNA integrity was evaluated using an ethidium bromide-stained 1 % agarose gel. RNA yield and integrity for twicetreated DletA samples were similar to those obtained for all other strains treated once. The lysate was mixed with approximately 1 ml of nickel-nitrilotriacetic acid (Ni-NTA) resin beads (Qiagen) (pre-washed twice in sterile water and equilibrated with binding buffer) for 1 h at 4 uC before loading onto a gravitational column (GE Healthcare). The resin bed was treated three times with wash buffer (0.5 M NaCl, 0.02 M Tris, pH 8) with incremental amounts of 10 mM and 25 mM imidazole, and the His-tagged recombinant protein was fractionally eluted with elution buffer (0.25 M NaCl, 0.05 M Tris, pH 8.0, 0.5 ml concentrated HCl, 250 mM imidazole in a 100 ml volume). Relevant fractions that contained the eluted recombinant LpIHFa and LpIHFb protein as determined via SDS-PAGE analysis were pooled, mixed in a 1 : 1 ratio to facilitate heterodimeric formation of LpIHFab (Morash et al., 2009) , and subjected to dialysis twice with buffer 1 (0.02 M Tris, pH 8, 0.3 M KCl, 77.125 mg DTT, 0.4 mM EDTA, 10 % glycerol) before loading onto a HiTrap Heparin HP column (GE Healthcare) pre-equilibrated with 10 volumes of buffer A (40 mM HEPES, pH 7.5, 200 mM NaCl, 3 mM b-mercaptoethanol). The column was washed with five volumes of buffer A followed by five volumes of buffer A plus 0.5 mM DTT followed by an equal mix of buffer A and buffer B (40 mM HEPES, pH 7.5, 1.5 M NaCl, 3 mM bmercaptoethanol) supplemented with 0.5 mM DTT with increasing NaCl concentrations beginning at 200 mM NaCl and increasing in 100 mM increments to 1.5 M NaCl. Relevant fractions that contained This study
Regulatory control of L. pneumophila IHF the eluted recombinant protein were pooled and concentrated in storage buffer (20 mM Tris, pH 7.9, 200 mM KCl, 0.2 mM EDTA, 30 % glycerol) via centrifugation at 8500 r.p.m. at 4 uC in an Amicon Ultra 10K Centrifugal filter unit (Millipore) to a final volume of 500-750 ml and stored in 100 ml aliquots at 220 uC. Recombinant IHFab (henceforth referred to as IHF) protein concentration was determined by Bradford Protein Assay (Bio-Rad). The purified recombinant IHF protein was considered to be completely active.
Immunoblotting of recombinant IHF. Approximately 1.26 mg of purified recombinant IHF was loaded on a 12 % SDS gel, transferred to nitrocellulose (Bio-Rad) as per laboratory protocols, and stained with Ponceau Red solution to confirm transfer. Immunoblotting was done with anti-His antibody (1 : 3000) and goat anti-mouse antibody conjugated with alkaline phosphatase (1 : 30 000) with colorimetric detection using BCIP/NBT (Amresco).
Electrophoretic mobility shift assays (EMSAs). Amplicons spanning the promoter regions of ihfA, ihfB, rsmY and rsmZ were generated by PCR amplification using the primer sets listed in Table 2 and subjected to EMSA with purified recombinant IHF protein. The binding assay reaction and conditions for the EMSA were performed 
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as reported in LeBlanc et al. (2008) with the exception that 10 ng of the amplicon was mixed with 2.52 mM recombinant IHF in a 20 ml reaction volume. Visualization and digital image capture of the SYBR green-stained bands were done using a Bio-Rad VersaDoc 4000 imager.
RESULTS
Identification of putative IHF and RpoS sites within the ihfA and ihfB promoter regions
The E. coli IHF (IHF Ec ) is a heterodimeric protein that consists of an alpha (encoded by himA) and a beta subunit (encoded by himD) (Aviv et al., 1994) . IHF Ec recognizes a 13 bp consensus sequence, WATCAANNNNTTR (W5A/ T, R5A/G), and when bound covers a region of approximately 35 bp (Rice et al., 1996) . In L. pneumophila, the distantly located ihfA (lpg2709) and ihfB (lpg2955) genes share high similarity to himA and himD, respectively, on the protein level, suggesting that the heterodimeric IHF homologue would bind a site similar in sequence to that recognized by IHF Ec (Morash et al., 2009) . In E. coli, expression of IHF Ec is negatively autoregulated, with one and two IHF binding sites located in the promoter regions upstream of the himA and himD genes, respectively (Aviv et al., 1994) . To ascertain whether IHF is also autoregulated, a bioinformatic search via the pattern search option on the Legiolist website (genolist.pasteur.fr/LegioList/) was performed using the IHF Ec binding site consensus sequence to identify possible IHF binding site sequences within the ihfA promoter (P ihfA ) and ihfB promoter (P ihfB ) regions. Although exact matches were not found, after adjustment of the search parameters to allow for up to three nucleotide mismatches, four and two sites were putatively identified in the P ihfA and P ihfB regions, respectively, where detectable conservation of the WATC region is observed (Figs 1, 3 and 6).
Likewise, the E. coli RpoS (RpoS Ec ) consensus binding site sequence was used to identify potential RpoS binding sites in the upstream promoter regions of ihfA and ihfB. RpoS Ec RNA polymerase recognizes a consensus promoter element sequence centred in the 210 region (CTAcacT from 213 to 27) in which the cytosine nucleotide at position 213 has been found to play a pivotal role in preventing recognition by the RNA polymerase sigma factor s 70 (RpoD) RNA polymerase under stationary phase conditions (Lee & Gralla, 2001 ). Based on the RpoS Ec consensus promoter sequence, one site (CTATAAT) within the ihfA and one site (CTATACT) within the ihfB promoter sequences were putatively identified to be bound by the L. pneumophila RpoS homologue (Figs 1 and 3 ).
Generation of P ihfA -and P ihfB -GFP reporter plasmid constructs
To determine the regulatory roles of IHF and RpoS as well as the functionality of the putatively identified binding sites, in vitro fluorescence levels from GFP-transcriptional fusion plasmid constructs pCJP001-pCJP015 were monitored over a 24 h growth period in Lp02 wild-type and isogenic single mutant Dihf, DrpoS and DletA strain backgrounds. In general, growth curves generated from the 96-well microplate fluorometer assays conducted over a 24 h period with sampling performed on an hourly basis indicated that the exponential and post-exponential growth phases were initiated at hours 9 and 18, respectively (data not shown). The plasmid constructs pCJP001-pCJP015 harbour a series of systematic truncations of the P ihfA (a1-a8) and P ihfB (b1-b4) regions to define the regions that possess the regulatory elements responsible for the transcription of ihfA and ihfB (Figs 1 and 3) . In order to ascertain whether RpoS and IHF are the sole regulatory factors responsible for the regulation of ihfA and ihfB expression, a triple gene deletion in Lp02 (DihfADihfB DrpoS), in theory, would need to be generated. However, due to a limited number of antibiotic resistance marker cassettes available for use in L. pneumophila, the expression profiles of the plasmid constructs pCJP001-pCJP015 were assessed in the double gene deletion Lp02DihfADrpoS strain on the assumption that ihfB does not act as a homodimer on the regulation of ihfA. This assumption is based on the fact that recombinant L. pneumophila IHFb homodimers did not bind with great affinity to the magA promoter region as experimentally determined by Morash et al. (2009) . Thus, on this basis, the double gene deletion was used in place of a triple gene deletion to assess the activities of P ihfA and P ihfB regions in the absence of functional RpoS and IHF.
Expression of ihfA is regulated by IHF, RpoS and LetA
In the wild-type and Dihf strain background, the overall expression profiles of P ihfA a1-a7 constructs are comparable to one another, although expression levels appear to be slightly depressed in the Lp02Dihf strain (Fig. 2a, b ). Regarding the P ihfA a8 construct, a difference is seen when the expression levels in both strains are compared. A threefold higher level of expression is observed in the first 10 h of the assay in Lp02Dihf when compared with that in the wild-type (Fig. 2a, b) . As a putative IHF binding site overlaps a consensus RpoS binding site on the 59 end of the P ihfA a8 construct (Fig. 1a) , this result would seem to suggest that IHF represses ihfA transcription via binding this site. However, this does not appear to be the case, as the overall expression profile of the P ihfA a1-a7 constructs is unchanged, albeit dampened slightly in Lp02Dihf in comparison with the expression profile in the wild-type strain.
In the Lp02DrpoS strain background, drops in the expression levels of the P ihfA a1-a7 constructs (Fig. 2c) are observed in the first 10 and last eight hours of the assay when compared with the respective expression profiles observed in the wild-type and Lp02Dihf strain backgrounds (Fig. 2a, b) . This result suggests that residual RpoS in the stationary phase cells may act as a positive transcriptional activator of ihfA, as higher levels of expression are observed in the wild-type and Lp02Dihf strains but not in the Lp02DrpoS strain. This result also suggests that IHF may act as a negative autoregulator; however, this does not appear to be true, as the expression profile of the P ihfA a1-a7 constructs in Lp02DrpoS is largely unchanged when compared with that in Lp02DihfADrpoS (Fig. 2d) . L. pneumophila RpoD is most likely the transcription factor responsible for the low-level expression of P ihfA a1-a7 constructs observed in the Lp02DrpoS and Lp02DihfADrpoS strain backgrounds (Fig. 2c) , as promoter elements matching the E. coli RpoD (RpoD Ec ) consensus promoter sequences [235 box (TTGACA) and 210 box (TATAAT)] are retained in the P ihfA a1-a7 constructs but disrupted in the P ihfA a8 construct (Fig. 1a) .
In the Lp02DletA strain background, the expression profile of P ihfA a1-a7 constructs (Fig. 2e) is significantly elevated when compared with the expression profiles in the wildtype, Lp02Dihf, Lp02DrpoS and Lp02DihfADrpoS strain backgrounds ( Fig. 2a-d ). This result clearly indicates that LetA acts as a repressor of ihfA transcription. Moreover, the expression level of P ihfA a8 is the same in both Lp02DletA and Lp02DrpoS strain backgrounds. Taken together, these results suggest that RpoS is a positive regulator of ihfA transcription with the assistance of the positive autoregulator IHF possibly via binding sites upstream of the RpoS binding site, whereas LetA is a negative regulator during lag and post-exponential growth phases. Positive regulation of ihfA transcription by RpoS is correlated by a twofold reduction in gene expression in Lp02DrpoS as determined by qPCR at the 17 h time point (Figs 2a, c and 9 ). Gene expression of ihfA was not significantly altered in the Lp02DletA strain background at this time point; however, this result was not unexpected, as the expression levels for ihfA are similar in both Lp02 and Lp02DletA strain backgrounds at this time point as determined by the microplate kinetic assays (Figs 2a, e and 9). Transcription of ihfA during the exponential growth phase is presumed to be mediated by RpoD.
Expression of ihfB is regulated by IHF, RpoS and LetA
The expression profiles for P ihfB b1-b3 constructs in the Lp02 wild-type background indicated some variation in fluorescence correlating with the truncation of the ihfB promoter region (Figs 3 and 4a) . In general, fluorescence was observed for P ihfB b1-b3 constructs commencing during the onset of exponential phase with a gradual incremental increase through the transition into postexponential phase; the P ihfB b1 construct appeared to produce the highest level of fluorescence, with slightly reduced fluorescence levels observed from P ihfB b2 and b3 constructs, whereas P ihfB b4-b7 constructs exhibited minimal to no fluorescence (Fig. 4a) . Thus, it would appear that regulatory site(s) that have a functional role in activating transcription of ihfb are restricted to the promoter region between 2473 bp and 2210 bp as defined by the P ihfB b1-b3 constructs (Fig. 4a ).
In the Lp02Dihf strain background, expression levels of the P ihfB b1-b3 constructs in the first 10 h of the assay were significantly elevated in comparison with the levels observed in the wild-type strain background (Fig. 4a, b) . This difference suggests that IHF acts as a negative regulator of ihfB expression; however, this interpretation of the result is inconclusive given the vast standard deviation range (denoted by error bars) of the normalized fluorescence readings. Interestingly, the expression profile of the P ihfB b1-b3 constructs is very similar if not identical to that observed in the Lp02DletA strain background, suggesting that LetA also acts as a negative regulator (Fig.  4e) . To clarify the role of IHF, the expression profiles of the P ihfB b1-b3 constructs in Lp02DrpoS and Lp02DihfADrpoS were compared (Fig. 4c, d) . Although significantly reduced, expression was observed during the exponential growth phase, which is most likely positively regulated by RpoD, as conserved RpoD Ec promoter boxes are retained in the P ihfB b1-b3 constructs. Expression of ihfB continued during the post-exponential growth phase in the Lp02DrpoS strain background but not in the Lp02DihfADrpoS strain background. Expression profiles of the P ihfB b4-b7 constructs generally remained unchanged regardless of the strain background. Thus, the experimental data suggest that LetA, rather than IHF, is a negative regulator of ihfB transcription. High expression levels of ihfB are associated with the presence of RpoS as demonstrated by expression profiles of the P ihfB b1-b3 constructs in the wild-type, Lp02Dihf and Lp02DletA strain backgrounds (Fig. 4a, b and e). Activation of ihfB transcription by RpoS was correlated with a threefold reduction in gene expression in Lp02DrpoS as determined by qPCR at the 17 h time point (Fig. 9) . Like ihfA, the expression level of ihfB was not significantly altered at this time point in the Lp02DletA strain background, which was not surprising considering that the expression levels were similar in Lp02 and Lp02DletA strain backgrounds as determined by microplate kinetic assays (Figs 4a, e and 9). A different time point would need to be selected for a definitive comparative assessment of the ihfA and ihfB expression levels in the Lp02 and Lp02DletA strain backgrounds. Nevertheless, this result suggests that RpoS is a strong positive regulator of ihfB transcription, activation of which is possibly assisted by IHF via binding of the binding sites upstream of the consensus RpoS promoter.
IHF interacts with P ihfA and P ihfB regions
To determine whether the putative IHF sites located within the P ihfA and P ihfB regions were functional in binding IHF, truncated promoter regions were subjected to EMSAs with a specific concentration (2.52 mM) of recombinant IHF to achieve binding (Fig. 5) as empirically determined in EMSAs employed with the magA promoter region as reported in Morash et al. (2009) 
(data not shown).
Recombinant IHF specifically binds the magA promoter region, as IHF does not bind an internal 302 bp fragment of the magA gene amplified by primer set PF magA/PR magA (Table 2 ) (data not shown). The recombinant protein was found to be homogeneous via Ponceau Red staining and immunoblotting (Fig. 5a, b) . The migration patterns of the free (i.e. absence of IHF) truncated promoter regions were compared with the pattern of truncated promoter regions incubated with IHF (Fig. 5) . Full band shifts were observed for P ihfA a1-a2 promoter regions and a gradual decrease in shifting of a subpopulation of the dsDNA fragments was observed for the remaining P ihfA a3-a8 regions corresponding with increased truncation of the P ihfA region and resultant loss of the four putative IHF binding sites (Fig. 5c ). This result suggests that putative IHF sites 2A and 3A are key binding sites for recombinant IHF (Fig. 1 ). For the P ihfB region, full band shifts were observed for P ihfB b1-b3 regions, with a major subpopulation of free dsDNA fragments evident with the P ihfB b4 region (Fig. 5d ). Regarding the P ihfB region, the putative IHF site 2B appears to be the sole binding site for recombinant IHF, as shifting of only a subpopulation was observed with the exclusion of site 2B ( Figs 3 and 5d) ; however, shifting of only a subpopulation was observed with the P ihfB b5-b7 regions, suggesting the presence of an additional site (site 3B) that escaped detection by the initial bioinformatic analysis, perhaps due to a high degree of mismatch to the IHF Ec binding site consensus sequence, and which may manifest low-affinity binding for recombinant IHF (Fig. 5d) .
IHF activates transcription of rsmY and rsmZ
The two-component signal transduction system LetA/LetS is involved in the differentiation of L. pneumophila from vegetative replicative form to the cyst form (Hammer et al., 2002) . Recently, the response regulator LetA was determined to regulate the expression of the non-coding RNAs RsmY and RsmZ, which in turn sequester CsrA, abolishing its post-transcriptional repressive activities on targeted genes associated with differentiation (Sahr et al., 2009 Hourly data points presented as normalized units of expression (RFU/OD 600 ) averaged from three independent experiments; error bars, SEM. The legend of the b1-b7 constructs corresponds to the schematic illustration in Fig. 3 .
noted between the two sequences (Fig. 6 ). To investigate whether the LetA consensus binding site sequence is similarly recognized by IHF, thereby contributing to the expression of rsmY and rsmZ, truncated segments of the rsmY promoter (P rsmY ) region (Y1-Y3) and rsmZ promoter (P rsmZ ) region (Z1-Z3) were created via PCR amplification and directionally cloned into the promoterless GFP reporter pBH6119, creating plasmids pCJP016-21 (Tables  1 and 2 ). These constructs were introduced into Lp02 wildtype, Lp02Dihf and Lp02DletA mutant strains for assessment in microplate fluorescence kinetic assays. The resultant growth curves were very similar to those generated by strains harbouring the P ihfA and P ihfB truncated promoter GFP plasmid constructs in that exponential and post-exponential phases commenced at 9 and 18 h, respectively (data not shown).
In the wild-type Lp02 strain background, high levels of expression were observed with the Y1 promoter construct during the first 4 h, which steadily decreased to low levels during the transition to exponential phase, increasing to higher levels during the transition to post-exponential phase (Fig. 7c) . Expression was completely abolished for the Y1 promoter constructs in the Lp02Dihf and Lp02DletA strain backgrounds (Fig. 7d, e) . Expression levels for Y2 and Y3 promoter constructs were observed to be minimal to none for all three strain backgrounds, indicating that the regulatory elements appear to be restricted to the region as defined by the PF Y1 and PF Y2 primers, which oddly enough did not include the previously identified LetA site (Sahr et al., 2009; Fig. 7a ). The expression profile of rsmZ in the Lp02 wild-type background is very similar to that observed for rsmY (Fig. 8c) . The expression of the Z2 Note that the SDS-PAGE gel percentage does not allow discrimination between the IHFa and IHFb subunits (~12.5 kDa each). Electrophoretic mobility shifts of (c) P ihfA and (d) P ihfB region fragments (10 ng) in the absence (") and presence (+) of 2.52 mM recombinant IHF. P ihfA and P ihfB DNA fragments a1-a8 and b1-b7 correspond to the schematic illustrations in Figs 1 and 3 , respectively. M, 100 bp ladder.
promoter construct was similar in trend to that of the Z1 promoter construct albeit at reduced levels. Complete loss of expression of the Z1 and Z2 promoter constructs was observed in both Lp02Dihf and Lp02DletA strain backgrounds (Fig. 8d, e) . The Z3 promoter construct expression levels were minimal and remained unchanged in all three strain backgrounds, indicating that the regulatory elements are restricted to the region as defined by the PF Z1 and PF Z3 primers (Fig. 8a) . In corroboration, expression of rsmY and rsmZ was reduced 10-and twofold, respectively, in Lp02Dihf as determined by qPCR (Fig. 9) . Likewise, expression of rsmY and rsmZ was reduced 10-and threefold, respectively, in Lp02DletA, correlating with observations made elsewhere ( Fig. 9 ; Sahr et al., 2009) . Taken together, these results indicate that both LetA and IHF are required for full rsmY and rsmZ expression.
DISCUSSION
In a previous study, HU and IHF were reciprocally expressed, with maximal protein levels of HU expressed exponentially and IHF expressed post-exponentially, thereby serving as convenient markers of the L. pneumophila developmental cycle (Morash et al., 2009) . However, the regulatory mechanisms controlling IHF expression were not characterized. In this study, we show that in L. pneumophila, transcription of both ihfA and ihfB is upregulated upon transition from exponential to postexponential growth phases and that this upregulation is maintained in the absence of cellular LetA. Furthermore, RpoS is required for optimal expression of both ihfA and ihfB, although basal levels are achieved most likely due to transcriptional activation by RpoD. Transcriptional activation of ihfA and ihfB by RpoS appears to be assisted by binding of IHF to its functional sites upstream of the putative RpoS sites in the ihfA and ihfB promoter regions, whereas transcriptional repression of IHF is mediated by LetA (Figs 1, 2e, 3, 4e, 5 and 9) . Moreover, the similarities in the binding site sequences recognized by both LetA and IHF are suggestive of titrational regulatory control.
The genetic organization of the promoter regions of ihfA and ihfB is very similar to the promoter regions of himA and himD encoding the heterodimeric IHF Ec in E. coli.
IHF Ec expression is upregulated upon entry into postexponential or stationary phase (Aviv et al., 1994) . Expression of the alpha subunit (encoded by himA) and the beta subunit (encoded by himD) is negatively autoregulated by IHF Ec and positively regulated by RpoS Ec (Aviv et al., 1994) . Moreover, RpoS Ec sites overlap IHF Ec sites located in the promoter regions upstream of himA and himD in E. coli (Aviv et al., 1994) . Unlike RpoD Ec , which recognizes the 235 and 210 boxes, RpoS Ec only recognizes one site that is highly similar in sequence to the RpoD Ec 210 box (Tanaka et al., 1995; Colland et al., 1999; Lee & Gralla, 2001) . Because RpoS Ec is present in post-exponential phase, another regulatory mechanism is required to downregulate expression of IHF Ec , which in the case of E. coli is negative autoregulation. In L. pneumophila, the overlapping RpoS and IHF sites upstream of ihfA and ihfB would be indicative of a similar transcriptional regulatory mechanism but the experimental data obtained in this study suggest otherwise. IHF instead appears to assist RpoS in the transcription of ihfA and ihfB. The inclusion of a second response regulator, LetA, as a repressor of ihfA and ihfB transcription is a deviation from the E. coli model. To clarify the roles of IHF and LetA, combinatorial Lp02DihfDletA and Lp02DrpoSDletA gene deletion mutant strains are being generated, and DNase I protection assays with recombinant proteins are currently under way to determine the precise binding sites.
IHF induces expression of the non-coding regulatory RNAs RsmY and RsmZ. The two-component signal transduction regulator LetA has been reported to directly regulate the expression of RsmY and RsmZ (Sahr et al., 2009) . However, basal expression of rsmY and rsmZ still remained in the absence of cellular LetA, suggesting the involvement of one or more regulatory factors (Sahr et al., 2009) . Both LetA and IHF were required for full transcription of rsmY and rsmZ (Figs 7, 8 and 9) . Interestingly, the expression profile of rsmY and rsmZ reflects maximal cellular IHF protein levels in the post-exponential growth phase (Morash et al., 2009 with three mismatches to the IHF Ec binding site sequence located approximately 60 bp upstream of the LetA binding site (Fig. 7a) . Recombinant IHF bound full-length upstream promoter regions of rsmY and rsmZ as evidenced by band shifting in EMSAs (data not shown), alluding to the role of IHF as a transcriptional activator of RsmY and RsmZ expression. Our findings are in agreement with those reported by Sahr et al. (2009) in the observation that LetA directly regulates expression of rsmY and rsmZ, although our results indicate that IHF along with LetA is essential for rsmY and rsmZ expression. Studies are currently under way to further define the role of IHF and LetA in transcriptional activation of rsmY and rsmZ.
The ability of IHF to bind to sites within the promoter regions upstream of genes encoding regulatory RNAs is not entirely novel. It has been shown elsewhere that IHF Ec can bind in vitro to the promoter region of rsmZ from Pseudomonas fluorescens (Humair et al., 2010) . As heterodimeric IHF is structurally and functionally conserved between the enteric bacteria and pseudomonads (Calb et al., 1996; Delic-Attree et al., 1996) , Humair et al. (2010) inferred that the intrinsic IHF acted as a transcriptional regulator of rsmZ expression in P. fluorescens. It is noteworthy that along with IHF, the TetR-family transcriptional regulator PsrA also activates transcription of rsmZ in P. fluorescens (Humair et al., 2010) , a scenario akin to that observed with rsmZ in L. pneumophila in this study with the exception that the identity of the additional transcriptional regulator is unknown at this time. Although GacA (orthologous to L. pneumophila LetA) has been reported to be involved in the transcriptional activation of both rsmY and rsmZ in P. fluorescens, it was determined that additional transcriptional factors were necessary for full induction (Humair et al., 2010) . In addition, the transcriptional regulator PsrA, a sensor of long-chain fatty acids, indirectly and directly activates expression of rpoS in P. fluorescens and Pseudomonas aeruginosa, respectively (Heeb et al., 2005; Kang et al., 2009) . PsrA is also a repressor of the fadBA5 beta-oxidation operon, repression of which is relieved in the presence of long-chain fatty acids (Kang et al., 2009) . In L. pneumophila, inhibition of fatty acid biosynthesis as well as an excess amount of shortchain fatty acids leads to accumulation of guanosine tetraphosphate (ppGpp) ; however, it is not known whether a transcriptional regulator such as Pseudomonas sp. PsrA plays a role in responding to fluctuating levels of fatty acids. Interestingly, a weak orthologue of PsrA, lpg1967, was identified with 50 % homology over 68 residues in the helix-turn-helix domain located on the amino terminal of the 188 amino acid residue polypeptide. Furthermore, in the soil bacterium Azotobacter vinelandii, PsrA and RpoS are directly involved in cyst formation (Cocotl-Yañez et al., 2011) . At present, the details of the regulatory mechanism involved in expression of RpoS, a key player in cyst formation, remain to be elucidated (Dalebroux et al., 2010b) . Studies are currently under way to ascertain whether this orthologue has a role(s) in monitoring fatty acid metabolism and cyst biogenesis in L. pneumophila.
The current model of the global regulatory system governing the transition from vegetative to cyst forms centres on the stringent stress response activated under nutrient-limiting conditions (for review see Newton et al., 2010) . In response to increased levels of the alarmone ppGpp synthesized by RelA and SpoT in reaction to nutrient limitation, DksA and the two-component LetA/ LetS system mediate transcription of genes associated with differentiation, including rsmY and rsmZ (Hammer & Swanson, 1999; Hammer et al., 2002; Sahr et al., 2009; Dalebroux et al., 2009 Dalebroux et al., , 2010a . Transcription of rpoS is also upregulated in response to elevated ppGpp levels with maximal protein levels in the post-exponential phase (Bachman & Swanson, 2004) . Our study shows that RpoS upregulates expression of IHF, which in turn also upregulates expression of RsmY and RsmZ. RsmY and RsmZ act to de-repress CsrA-repressed transcripts associated with cyst formation and coordinated post-exponential virulent phenotypes (Molofsky & Swanson, 2003) . This finding has been added to the current working model of the global regulatory system (Fig. 10) . The role of IHF in the expression of RsmY and RsmZ explains in part the defective cysts formed in protozoa in the absence of IHF (Morash et al., 2009) , indicating that IHF plays more of an integral role in the global regulatory system than previously understood. Additional IHF-regulated genes associated with cyst formation are currently being characterized.
